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Abstract
Water-metal interfaces are ubiquitous and play a key role in many chemical processes,
from catalysis to corrosion. Whereas water adlayers on atomically flat transition metal surfaces
have been investigated in depth, little is known about the chemistry of water on stepped sur-
faces, commonly occurring in realistic situations. Using first-principles simulations we study
the adsorption of water on a stepped platinum surface. We find that water adsorbs preferen-
tially at the step edge, forming linear clusters or chains, stabilized by the cooperative effect
of chemical bonds with the substrate and hydrogen bonds. In contrast with flat Pt, at steps
water molecules dissociate forming mixed hydroxyl/water structures, through an autocatalytic
mechanism promoted by hydrogen bonding. Nuclear quantum effects contribute to stabilize
partially dissociated cluster and chains. Together with the recently demonstrated attitude of
water chains adsorbed on stepped Pt surfaces to transfer protons via thermally activated hop-
ping, these findings candidate these systems as viable proton wires.
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Introduction
The structure and dynamics of water films on metallic surfaces has received growing attention
in the past two decades, with special focus on the details of monolayer and sub-monolayer cov-
erage.1,2 The interest in understanding water on closed-packed metal surfaces goes beyond the
academic curiosity into a complex and challenging problem, or the exploitation of refined surface-
science techniques: Water-metal interactions play a central role in many catalytic surface reac-
tions, corrosion processes and electrochemistry, with remarkable impact on fuel cells and photo-
electrochemical cells.3,4 By combining experimental surface probes and theoretical calculations,
mostly at the level of density functional theory (DFT), the adsorption properties of water on high-
symmetry surfaces of several transition metals, such as Cu(110) and (111), Pt(111), Pd(111),
Rh(111) and Ru(0001), have been finely characterized.2,5 Nevertheless in most real-life cases
metal surfaces are not atomically flat. Absorption on high-index surfaces and the effects of ex-
tended surface defects, such as steps, terraces or grain boundaries, are however much less studied
and understood. On surfaces with chain–like features, such as Cu(110), at low coverage, water
forms one-dimensional structures, with peculiar molecular arrangement6 and dissociation may be
enhanced,7,8 so to stabilize a partially dissociated wetting layer at full coverage.9 STM observa-
tions of the adsorption process on Pt showed that water is initially adsorbed at step edges, forming
hydrogen-bonded chains.10 Such water chains were characterized by surface X-ray diffraction
experiments,11 showing that water molecules are adsorbed at top site on step edges on Pt(211),
and were selectively isolated by thermal desorption.12 In other words, while at low temperatures
two-dimensional water islands are adsorbed on the terraces, for a well defined range of higher
temperatures, only the steps are found to be covered by one-dimensional water structures.
Only recently theorists have started to investigate the structure of water on stepped metallic
surfaces.13,14 An exploratory theoretical study has demonstrated the possibility of proton transfer
in water chains, adsorbed at step edges of metal surfaces,15 leading to the more general question
about the protonation state of one-dimensional water structures. The possibility of stabilizing
geometrically-controlled conducting water chains represents an intriguing technological possibility
that can be exploited in several microelectronic applications, like electrocatalysts, conductometric
gas-phase sensors, batteries, fuel cells and photovoltaics.
Water bilayers adsorb intact on Pt (111), forming √37×√37R25.3 or a √39×√39R16.2
regular pattern, depending on the coverage.16,17 On the other hand, mixed OH/water monolay-
ers with
√
3×
√
3R30 or 3×3 periodicity18 have been obtained by either co-adsorption of water
and oxygen19 or by electron damage.20 Theory predicts that the dissociation reaction of water at
Pt(111) becomes thermodynamically favorable for bias potentials above 0.63 eV.21 Both intact
and partially dissociated water adlayers are stabilized by the cooperative effect of hydrogen bond-
ing and surface bonding, which takes place between the metal and the lone-pair of water.22,23 A
recent study on the formation of hydroxyl on Pt in the presence of co-adsorbed oxygen24 showed
that OH− is more favorably bonded at step sites than at terraces and suggested that endothermic
dissociation of H2O to form mixed H2O-OH coverage layers is initiated at the steps. Reflection
adsorption IR spectroscopy and X-ray spectroscopy (NEXAFS) indicate that water molecules ad-
sorbed at the step edge of Pt(533) and Pt(211) are strongly hydrogen bonded but cannot exclude
partial dissociation.25,26
In this context, theoretical/computational methods represent a predictive tool for zooming into
the atomistic process of adsorption and dissociation and provide a pilot path for further experi-
mental investigations. Here, by means of DFT calculations, we investigate the combined effects
of increased reactivity and reduced dimensionality on adsorption and dissociation of water at the
edge of a step of the Pt(221) surface. We analyze the adsorption energy and the dissociation en-
ergy and barrier for clusters of increasing number of water molecules and of periodic water wires
adsorbed on the step edge of a Pt(221). The estimate of the dissociation energies is refined by
including the effects due to the quantum nature of the nuclei. This is done by calculating the zero
point energy (ZPE) correction via the evaluation of the harmonic vibrational frequencies. We fi-
nally interpret the nature of the cooperative effects that stabilize the dissociated chains in terms of
electronic density displacements. We show that the cooperative stabilization effect is rather local,
i.e. its electronic characterization does not change for dissociation ratios smaller than 1:3.
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On the basis of this analysis we are able to claim that cooperative hydrogen bonding increases
the adsorption energy of intact water at the step edge, but tends to de-stabilize the covalent O-
H bond, favoring partial dissociation even in absence of co-adsorbed oxygen. Energetically, the
optimal ratio of dissociated molecules is 1:4, when the quantum nature of the nuclei is taken into
account. These results show that the step edge of Pt(221) is a favorable substrate to enhance water
dissociation because of its structure and electronic reactivity.
Methods
We consider hydrogen bonded clusters and periodic chains of water molecules adsorbed on a
stepped Pt (221) surface in a periodic supercell, as depicted for example in Fig. 1a. We computed
the optimal structures and the energetics of adsorption and dissociation using DFT in the gen-
eralized gradient approximation, using the functional by Perdew, Burke and Ernzerhof (PBE).27
Ultrasoft pseudopotentials are used to restrict the calculation to valence electrons28 and the elec-
tronic wavefunctions are expanded on a plane-wave basis set with a cutoff of 35 Ry. To test this
choice of simulation parameters we have considered the adsorption and dissociation energy of the
water monomer and dimer. These quantities varied less than 0.01 eV when we tested the conver-
gence of the PW cutoff up to 55 Ry, and when we repeated the calculation with norm-conserving
pseudopotentials and a cutoff of 65 Ry. The PBE functional provides a very good description of hy-
drogen bonding in bulk ice,29 and is in excellent agreement with gold–standard quantum–chemical
calculations as for structure and binding energy of the water dimer30,31 and of small clusters.32 It
also reproduces well the complex structures (√37 and √39) of the first wetting layer on Pt(111),
yielding very good agreement with STM experiments.33 With our setup the absolute absorption
energy of a single water molecule is underestimated, compared to that measured by temperature
programmed desorption34 (0.26 vs. 0.44 eV), probably due to the lack of dispersion corrections.
However, such deficit is systematic and should not affect relative energy differences. Dispersion
forces indeed play a crucial role when the binding energy of a water layer is compared to that of
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ice, but do not make a significant difference between different adsorbate structures.35 We have
verified that the calculations of the dissociation energy of the monomer adsorbed on Pt(221) step
are consistent using either PBE (0.51 eV) or the nonlocal vdW-DF functional36 (0.59 eV). 1 In
general PBE performs quite well also with respect to H dissociation barriers. According to Ref.37
the mean unsigned error for a set representative of H dissociation systems is 0.1 eV, i.e. below the
difference in barrier heights that we find for the monomer and cluster cases.
The Pt(221) surface is represented by 4–layer thick slab with a vacuum layer 18 Å thick. The
two bottom layers of the slab are kept fixed to mimic the bulk. We verified that adsorption and
dissociation energies change less than 0.02 eV, when 2 further layers are added. The simulation
cell is made of a number of replicas of the 221 unit cell, sufficient to accommodate a given num-
ber of water molecules in a cluster or in a periodic chain: for example for the monomer we use
three replicas, yielding a square surface cell with edge length of 8.64 Å. To compute the electronic
structure the first Brillouin Zone is sampled using a 4× 4× 1 Monkhorst-Pack mesh shifted in
its xy components.38 Equivalent k-point meshes are used for different geometries. The electronic
occupation at the Fermi level was smeared using the Methfessel and Paxton approach39 with a
Gaussian spread of 0.27 eV. The structures are optimized with a convergence threshold of 5·10−4
atomic units on the largest force component. With this choice of parameters we estimate an accu-
racy on adsorption and dissociation energies of 0.02 eV. To characterize the vibrational properties
of the adsorbates and estimate the zero point energy (ZPE) corrections to the total energies we
computed the normal modes of the adsorbed species using the frozen-phonon approach, i.e. com-
puting the force constant matrix by finite differences of the forces, upon finite displacement of the
atoms (δx = 0.01 Å). Dissociation paths and reaction energies were evaluated using the nudge-
elastic-band (NEB) method,40 with either seven or nine replicas of the system along the transition
path. All the calculations are performed using the Quantum–Espresso package.41
1However at the edge of acceptable quantitative estimations, an uncertainty of 0.08 eV do not change qualitatively
our main conclusions about partial dissociation. It is also worth noting that the current approaches to include vdW
dispersion are not universal enough to provide a systematic improvement in the quantitative predictions.
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Results and Discussion
The models of water clusters and periodic chains considered in this paper are depicted in Figs 1
and 2. In Fig. 1 the left panels show the configurations with intact molecules and the right panels
the corresponding configurations after deprotonation. Water molecules adsorb atop at the step edge
atoms, and the lattice spacing between Pt atoms (2.82 Å) is suitable to accommodate hydrogen-
bonded chains or clusters, however in some cases not all the water molecules remain attached to
the step. The adsorption energy is defined as:
Eads = [E(N ·H2O@Pt)−N ·E(H2O)−E(Pt)]/N (1)
where N is the number of H2O molecules, and E(N ·H2O@Pt), E(H2O) and E(Pt) are the energies
of the metal surface with adsorbed water, of a single water molecule and of the free Pt surface,
respectively. The adsorption energy of water clusters and chain on Pt(221) was formerly computed
by DFT with slightly different choices as for the exchange and correlation functional (PW91 vs.
PBE in our case) and the simulation setup.13 When similar configurations are considered, as in
the case of the monomer, dimer and zig-zag chain, our results agree very well as for adsorption
energies and geometries.
When one H2O dissociates into a OH− and a H+, the proton adsorbs favorably at the terrace.
We define the dissociation energy, Ediss, as the total energy difference between the system where
one water is dissociated into an OH and a proton, E((N−1)H2O+OH +H@Pt), and the intact
water cluster adsorbed on the Pt surface, E(N ·H2O@Pt). A summary of the calculated binding and
dissociation energies is given in Tab. 1. We also define the dissociation energy per water molecule
εdiss = Ediss/N, where N is the number of H2O molecules. We plot εdiss as a function of the length
of the chain in Fig. 3. We verified that the most favorable adsorption site for the dissociated proton
is fcc hollow site of the terrace, similar42 to the case of Pt(111) surface. For clusters, protons are
preferentially adsorbed at fcc hollow sites near the step edge, whereas for periodic water wires
protons are adsorbed at hollow sites in the middle of the terrace. Proton adsorption at the base of
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the step is instead never advantageous. Exploratory ab initio molecular dynamics runs show15 that
protons on Pt are highly mobile and diffusion on the terrace may occur over short time scales (ps)
even at temperatures as low as 150 K.
Clusters
First we analyze the details of the adsorption and dissociation of water monomer, dimer and trimer
on the stepped Pt(221) surface. The adsorption energies of water clusters at the edge of the step
are larger than on Pt(111) by 0.18 eV for the monomer to 0.09 eV for the trimer, as a consequence
of the increased reactivity of the step edge. In the adsorption of intact water dimers and trimers
there is a competition between O-Pt bonding and H-bonding, which results in optimal geometries
where one of the water molecules, the hydrogen-bond (HB) acceptor only, detaches from the step
edge and forms a weak HB with the lower terrace of the metal, as can be seen in Fig. 1b and 1c
(left panels). This configuration facilitates the dissociation of the water molecule detached from
the step, lowering the activation energy from 0.8 eV for the monomer to 0.5 eV for dimers and
trimers. After dissociation, shorter (and then stronger) chemical bonds are formed between all the
oxygen atoms and the Pt atoms at the step edge. In the trimer a proton transfer mechanism leads
to the stable configuration, where the remaining hydroxyl is the central molecule of the cluster
that accepts HBs from the two neighboring water molecules (Fig. 1c). Whereas in the case of the
monomer the energy cost of breaking an O-H bond is only partially compensated by a stronger
O-Pt bond, resulting in a large dissociation energy (0.51 eV), the rearrangement of the clusters
reduces the dissociation energy to 0.2 eV for the dimer and to nearly zero in the case of the trimer.
Further details on the geometries and dissociation mechanisms of clusters are provided in the
Supplementary Information.
Periodic water wires
Periodic zig-zag chains of hydrogen-bonded water molecules26 can easily be accommodated at the
step edge of transition metal surfaces. On Pt (221) the chain is formed by alternating short (strong)
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and long (weak) HBs, with O-O distances of 2.86 and 3.15 Å, respectively (Fig. 2a). O-Pt distances
are 2.40 and 2.50 Å. This pattern is modulated by the weak interaction of half of the molecules
with the Pt atoms of the lower terrace through a long O-H-Pt bond. This complex combination of
interactions leads to an adsorption energy of 0.59 eV/H2O, which is slightly higher than that of the
trimer. The basic unit cell for the chain includes two water molecules, but relaxing the periodicity
up to six molecules has no effect on the equilibrium geometry, nor changes the adsorption energy.
Dissociation is achieved when one of the molecules pointing towards the lower terrace releases
a proton. The rearrangement that follows depends on how many water molecules are dissociated.
Here we consider the cases of dissociation of one H2O out of 2, 4, 6 and 12. When the ratio of
dissociated molecules is 1/2 the system arranges into a periodic sequence of dissociated dimers
(Fig. 2b). The geometry of the periodic dimers and the dissociation energy (0.17 eV) are indeed
similar to the case of the dissociated dimer discussed above. The hydroxyl groups never act as
HB donor, so the chain of HBs is broken, at variance with the bi-dimensional mixed H2O-OH
layer. If one out of 4 water molecules is deprotonated, the dissociation is followed by proton
transfer along the water wire, which rearranges so that the OH− is bracketed by two intact water
molecules and accepts two HBs. Also in this case the HB chain is interrupted. The equilibrium
structure after dissociation is a periodic sequence of dissociated hydrogen-bonded tetramers, as
shown in Fig. 2c. The dissociation in this case is clearly exothermic (Ediss = −0.10 eV). Similar
dissociation energies (Ediss = −0.08 eV) and structural relaxation are observed when one out of
six and one out of twelve molecules are dissociated (Fig. 2d). This suggests that the rearrangement
is local and increasing the number of degrees of freedom that can rearrange upon dissociation does
not produce a significant relaxation. We can then conclude that the most favorable dissociation rate
for periodic chains is one molecule out of four, which corresponds to the minimum in the curve in
Fig. 3.
The activation energy for dissociation is ∼ 0.5 eV, independent on the concentration of disso-
ciated molecules, whereas the proton transfer and rearrangements of the chains are barrier-less. If
this value of the barrier is compared to the higher barrier (at least 0.82 eV) to be overcome in the
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dissociation of a water monomer on a step Pt surface, the function of the non-dissociating water
molecules in the chain is that of a catalyst for the proton dissociation. In this sense, we have an
autocatalytic dissociation. The barrier of ∼ 0.5 eV is still relatively high at the typical experimen-
tal temperature of ∼ 155− 170K at which water wires can be isolated on steps by desorption of
water from the terraces.11,12 Yet, using a simplified expression for the rate, k = ¯ν exp(−∆E/kBT ),
with an attempt frequency ( ¯ν) equal to the OH stretching frequency (ν = 3700 1/cm), one finds
a dissociation rate of one molecule out of four every ∼ 300 s. In addition, if hydroxyl groups are
present in the precursor water layer, they will most likely decorate the steps rather than the terraces
and give rise of partially dissociated wires already upon adsorption and successive desorption from
the terraces.12
Nuclear quantum effects
Effects due to the quantum nature of the nuclei play a major role in determining the structure
of water adsorbed on metal surfaces43 and the strength of HBs.44 The main effect of quantum
delocalization of protons on binding and dissociation energies comes from the zero point energy
(ZPE) of the vibrational modes, which can induce significant shift in both energetics and kinetics
of dissociative adsorption.45,46 ZPE has been shown to decrease the binding energies of water
at metal surfaces, since free translational and rotational modes are turned into vibrations.47 On
the other hand the adsorption and the formation of H-bonds between adsorbed molecules induce
a softening of the OH stretching modes, providing a ZPE contribution, which favors adsorption.
This effect may be enhanced when adsorption occurs at step edges, since the metal-oxygen bond
is stronger.48 For undissociated water dimer, trimer and periodic chains we find that ZPE favors
adsorption, augmenting Eads by 0.08 eV/H2O, whereas it reduces Eads for the monomer by 0.05
eV.
Hereafter we focus on the effect of ZPE on the energetics of dissociation. The ZPE correction to
dissociation energies is expressed as: ∆EZPE = ∑i h∆νi/2, where the sum runs over the vibrational
modes of the adsorbed species and ∆νi is the difference between the frequencies of intact and
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dissociated adsorbates 2 The resulting ZPE corrections to Ediss are listed in Tab. 1. The corrections
are of the order of 0.1 to 0.2 eV in favor of the dissociated system. The main reason is that
upon dissociation the contribution to ZPE from a covalent OH bond (hν/2 ∼ 0.23 eV) is lost and
replaced by the lower contribution from the stretching mode of the proton adsorbed on Pt (hν/2∼
0.06 eV). The other vibrational modes in the water clusters readjust after dissociation to give
slightly different values for ∆EZPE . The strength of the chemical O-Pt bonds and the presence of
HBs determine the frequency of the modes of partially dissociated clusters and chain. In particular,
the strength of the HB between H2O and OH− is responsible for a significant softening of the
stretching modes involved therein. For example in the case of the dimer the stretching frequency
of the OH bond involved in the HB is reduced from ∼ 3000 to ∼ 1667 cm−1 upon dissociation.
The softening of this mode is milder for larger clusters, because the hydroxyl is clamped between
two intact molecules, both donating one HB, so that each HB is weaker than the one formed in the
dissociated dimer. The bending frequencies of intact H2O molecules are affected by the stronger
nature of water-hydroxyl HBs in dimers, but they do not vary significantly in larger clusters.
Electronic structure
Water dissociation strengthens the oxygen-platinum interaction, and this affects the molecular lev-
els of water as well as the local electronic structure of the edge atoms of the platinum step. We
probe these effects by projecting the electronic density on atomic orbitals, namely the p-states of
oxygen and the d-states of platinum. The projected densities of states (pDOS) show (see Supple-
mentary Information) that the oxygen p-states of intact water lie several eV below the Fermi level
and are well localized in energy. When water dissociates, the p-states hybridizes with the d-band
of platinum and broadens, yielding a significant density at the Fermi level. This major change
in the molecular levels of water occurs upon both dissociation of isolated molecules and partial
dissociation of clusters. In the latter case, also the molecular levels of the remaining intact water
2The contribution from the vibrations of surface atom proved negligible (< 0.01 eV) in the calculation for the
monomer and was not considered in the other cases.
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molecules undergo significant broadening and hybridization with the d-states.
According to the “d-band model” the interaction with adsorbates shifts the barycenter of the
d band of metals with respect to the Fermi level by an energy ∆εd , which is proportional to the
strength of the interaction.49,50 We evaluated ∆εd for the edge atoms of Pt in the presence of intact
and partially dissociated water clusters/chains. Fig. 4 shows that ∆εd correlates very well with the
O-Pt distance, which is an indirect indicator of the strength of the chemical bond. Surprisingly
the correlation is irrespective of the dissociation state of water: hydroxy ions (red dots) and intact
water molecules (black) fall on the same trend. Analyzing the clusters we observed that the shift in
the d-band is localized on the atoms in direct contact with water molecules, whereas neighboring
atoms at the step do not display a relevant shift. This localization is further confirmed by looking at
the correlation between the shift of the d-band and the number of adsorbed molecules (see Fig. S2
in Supplementary Information): we found that the d-band shift for platinum atoms in contact with
the dissociated molecule the shift depends only on the number of H-bonds and not on the number
of molecules in the cluster/chain. Fig. 4 also indicates that the strength of the O-Pt chemical bonds
and ∆εd decreases substantially as a function of the number of HBs accepted by the adsorbed
hydroxyl ion, showing once more that the chemistry of the system is ruled by the strong interplay
between chemical bonding and hydrogen bonding.
Conclusions
Our results confirm that water on Pt binds preferentially to the edge of the steps than to (111)
terraces, and suggest that water adsorption is partially dissociative. Partial dissociation occurs
only when the coverage is sufficient to produce trimers or larger clusters, and is promoted by
the combination of oxygen-Pt interaction and hydrogen bonding. We stress that either hydrogen-
bonding or interaction of single water molecules with stepped Pt surfaces alone would not suffice
to favor dissociation. Dissociation barriers of clusters and periodic chains are sufficiently low to
make dissociation possible over experimental time scales. We predict that, when periodic chains
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are formed and isolated at the Pt(221) step edge, one out of three/four water molecules dissociates
into OH and H, and the proton is adsorbed at the terraces.
Spontaneous partial dissociation of water wires makes them viable ionic conductors, since the
barriers for proton hopping along hydrogen-bonded chains were shown to be relatively low, at
most 0.15 eV.15 Conduction would occur via diffusion of proton vacancies (holes). Our calcula-
tions predict a high concentration of such carriers at equilibrium, but the dissociation rate could be
reduced by co-adsorbing hydrogen or any other molecule that inhibits the adsorption of the dissoci-
ated protons at the fcc hollow sites on the Pt(111) terraces, or it may be enhanced by co-adsorbing
oxygen.
These results have also profound implications for catalysis and photoelectrochemical cells,
where platinum surfaces are commonly used as co-catalysts or electrodes, since water dissociation
at the steps would significantly shift the phase diagrams for electrochemical dissociation of water
and modify the kinetics of the dissociation reaction.
Table 1: Adsorption and dissociation energies of water clusters and periodic chains at the step edge
of Pt(221). εdiss is the dissociation energy per water molecule. Zero point energy corrections to
dissociation energies and the corrected values are also reported.
configuration Eadsorption Edissociation εdiss ∆EZPE Ediss +∆EZPE εdiss+ ∆EZPE/N
(eV/H2O) (eV) (eV/H2O) (eV) (eV) (eV/H2O)
monomer 0.48 0.51 0.51 -0.18 0.33 0.33
dimer 0.55 0.20 0.10 -0.20 0.00 0.00
trimer 0.57 0.01 0.003 -0.13 -0.12 -0.04
chain (2H2O) 0.59 0.17 0.085 -0.18 -0.01 -0.005
chain (4H2O) 0.59 -0.10 -0.025 -0.12 -0.22 -0.055
chain (6H2O) 0.59 -0.08 -0.013 -0.12 -0.20 -0.033
chain (12H2O) 0.59 -0.08 -0.0067 - - -
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Figure 1: Structure of water clusters at the step of Pt(221) surface. Panels (a–c) show the water
monomer, dimer and trimer in their intact (left) and dissociated configurations (right). The edges
of the periodically replicated simulation cells used for our calculations are represented by white
dashed lines.
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Figure 2: Structure of water wires adsorbed at the step of Pt(221) surface. Panel (a) represents a
periodic hydrogen–bonded zig-zag chain. Panels (b–d) represent the configuration of the periodic
chain when one out of two (b), four (c) or six (d) molecules are dissociated. The graphics shows
clearly that the hydrogen-bond chain is interrupted by the rearrangement of the molecules upon
deprotonation.
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